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Abstract The molecular mechanism of substrate analogue
interaction with Escherichia coli dUTPase was investigated,
using the non-hydrolyzable 2P-deoxyuridine 5P-(K,L-imido)tri-
phosphate (K,L-imido-dUTP). Binding of this analogue induces a
difference in the far UV circular dichroism (CD) spectrum
arguing for a significant change in protein conformation. The
spectral shift is strictly Mg2+-dependent, does not appear with
dUDP instead of K,L-imido-dUTP and is not elicited if the
flexible C-terminal arm is deleted from the protein by limited
tryptic digestion. Involvement of the C-terminal arm in K,L-
imido-dUTP binding is consistent with the finding that this
analogue protects against tryptic hydrolysis at Arg-141. Near
UV CD of ligand-enzyme complexes reveals a characteristic
difference in the microenvironments of enzyme-bound dUDP and
K,L-imido-dUTP, a difference not observable in C-terminally
truncated dUTPase. The results suggest that (i) closing of the
active site during the catalytic cycle, through the movement of
the C-terminal arm, requires the presence of the complete
triphosphate moiety of the substrate in complex with Mg2+, and
(ii) after catalytic cleavage the active site pops open to facilitate
product release.
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1. Introduction
DNA repair is indispensable for faithful conservation of
genetic information. The ubiquitous enzyme dUTP pyrophos-
phatase (dUTPase, EC 3.6.1.23), catalyzing the hydrolysis of
dUTP to dUMP and PPi [1], plays a preventive role in this
task by e¡ectively reducing the dUTP/dTTP ratio to suppress
ruinous incorporation of uracil into DNA [2]. Highly uracil-
substituted DNA is subjected to excessive excision repair lead-
ing to double strand breaks and, eventually, cell death. dUT-
Pase null mutations are either lethal (in Escherichia coli [3]
and yeast [4]) or restrict the host range of several viruses [5,6],
thereby proposing the enzyme as a target for drug design
against invading organisms (bacteria, fungi or viruses). Drug
design against the bacterial or viral proteins should rely on
species-speci¢c structural and/or mechanistic di¡erences of
dUTPases from host and invader.
Most dUTPases are homotrimers with three active sites
located at the interfaces between the subunits [7]. Each active
site is constructed by conserved sequence motifs [8] from dif-
ferent subunits. The C-terminal arm, containing the conserved
Motif 5, is disordered in the crystal structures of the unli-
ganded E. coli and human enzyme [7,9]. However, an inter-
esting species-speci¢c di¡erence can be identi¢ed when com-
paring the liganded enzyme complex structures [7,10]. Upon
dUMP, dUDP or dUTP binding to the human enzyme a large
part of the C-terminus becomes ordered and visible in
the electron density map while it is still disordered in the E.
coli dUTPase-dUDP complex structure [7,10]. It is to be
noted that all these complexes are devoid of metal ions,
although Mg2 is an important cofactor of the enzyme
[11,12].
Recently, in an attempt to identify a functional role for the
C-terminus in the bacterial enzyme, we deleted its last 11
residues comprising the main part of Motif 5 [13]. The cleav-
age leads to a dramatic decrease in catalytic activity but no
detectable change in the a⁄nity towards MgdUDP [13]. These
data suggest that the factor responsible for the activity loss
may, at least partly, reside in an impaired interaction between
the Q-phosphate of the substrate and the truncated enzyme. A
non-hydrolyzable dUTP analogue (2P-deoxyuridine 5P-(K,L-
imido)triphosphate (K,L-imido-dUTP)), containing the com-
plete K-L-Q phosphate chain, was synthesized recently [14],
o¡ering a convenient way for analysis of ligand-induced con-
formational changes in dUTPase. In the imido analogue the
bridging oxygen between the K and L phosphorus atoms is
replaced by an imido group, rendering the scissile bond non-
hydrolyzable.
In this study the interactions of K,L-imido-dUTP and
dUDP with native and C-terminally truncated dUTPase
were investigated using far and near UV circular dichroism
(CD) spectroscopy. These compounds are known to be strong
competitive inhibitors [15]. Experiments were designed to pro-
vide an explanation for the fact that dUDP is not hydrolyzed
by the enzyme, although it contains the scissile K-L phos-
phoanhydride bond. The results obtained are interpreted in
the light of the available crystal structures and a molecular
model is constructed for the catalytic cycle.
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2. Materials and methods
2.1. Materials
dUTP, Q-Sepharose and Sephacryl S-200 were purchased from
Pharmacia, Sweden. dUDP, Tes and HEPES bu¡ers were obtained
from Sigma, US. Phenol red indicator was from Merck, Germany.
K,L-Imido-dUTP was synthesized as described previously [14]. All
other materials were of analytical grade purity.
2.2. Enzyme preparation and assay
dUTPase from E. coli was puri¢ed as described previously [11]. The
puri¢ed preparation appeared as a single band on SDS-PAGE when
investigated by laser densitometry (see below), suggesting at least 98%
purity. Protein concentration was measured spectrophotometrically
using A0:1%1cm;280nm = 0.52 [12]. Molecular mass of the trimeric E. coli
enzyme is 49 kDa [9]. Throughout the present study, molar enzyme
concentrations refer to the monomeric species. Before use, the enzyme
was dialyzed against respective bu¡ers. Enzyme activity was routinely
assayed at enzyme concentrations of 25^50 nM in 40 WM dUTP, 1 mM
MgCl2 (providing saturating excess of Mg2), 150 mM KCl, 40 WM
Phenol red, 1 mM TES/HCl pH 7.5 bu¡er (assay bu¡er). Proton
release during the hydrolysis of dUTP was followed at 559 nm at
25‡C [12], using Hewlett-Packard 8451A or JASCO V550 spectro-
photometers and 10-mm path-length thermostatted cuvettes. Initial
velocity was determined from the slope of the initial part (¢rst 10 s)
of the progress curve. The catalytic constant kcat of native dUTPase
was determined to be 5 s31, which is in accordance with previous
investigations [13,15].
2.3. Tryptic digestion
Limited tryptic digestion of E. coli dUTPase and puri¢cation of the
larger fragment were performed as previously described [13]. The
tryptic larger fragment was at least 95% pure as judged from SDS-
PAGE on 16% gels [16]. Protein bands were visualized by Coomassie
brilliant blue R-250 staining and quantitative analysis was done by
densitometry on a GelDoc densitometer (Bio-Rad).
2.4. CD measurements
Near UV (230^350 nm) or far UV (200^260 nm) CD spectra were
recorded on a JASCO 720 spectropolarimeter using 10-mm or 1-mm
path-length cuvettes, respectively, thermostatted to 25‡C. Native or
truncated dUTPase was titrated by stepwise addition of K,L-imido-
dUTP or dUDP in 20 mM potassium-phosphate^1 mM MgCl2, pH
7.5 bu¡er. Spectra measured immediately after mixing enzyme and
ligand were unchanged for at least 30 min, suggesting that complex-
ation requires less than 5 min under our experimental conditions.
Three scans of each spectrum were averaged. Di¡erence spectra
were calculated by subtracting the spectra of the protein and the
ligand measured alone from the spectrum measured in their mixture
by using the built-in software of the spectropolarimeter.
3. Results
3.1. Binding of K,L-imido-dUTP induces a major protein
conformational change of E. coli dUTPase
Far UV CD spectra of enzyme-ligand complexes are pre-
sented in Fig. 1. Addition of K,L-imido-dUTP to the enzyme
signi¢cantly enhances negative ellipticity, arguing for a pro-
tein conformational change upon binding of the ligand (di¡er-
ence spectra Fig. 1B, solid line). This change is speci¢c for the
triphosphate analogue and is not observed with dUDP (Fig.
1B, dashed line). The altered modes of binding of tri- and
diphosphate ligands are also re£ected in the near UV CD
di¡erence spectra (Fig. 2B). While binding of K,L-imido-
dUTP leads to a negative di¡erence peak at 260 nm (solid
line), that of dUDP elicits a positive peak at 270 nm (dashed
line, cf. also [12,13]). Fig. 1AFig. 2A show the measured spec-
tra of the protein or the ligand alone and the spectra of their
mixture. The ligands show similar near UV CD spectra, with
a positive peak at 270 nm (Fig. 2A and [12]). Since the di¡er-
ence peak elicited with dUDP is found at the same wave-
length, it probably re£ects the change in the optical activity
of the ligand upon binding. However, the major di¡erence
peak elicited with K,L-imido-dUTP is situated at 260 nm
(Fig. 2B, solid line) where neither the ligand nor the protein
show appreciable CD signal of their own. This wavelength is
the characteristic absorbance maximum for both phenylala-
nine and uridine, thus the 260 nm di¡erence CD peak may
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Fig. 1. E¡ects of K,L-imido-dUTP and dUDP on far UV CD spectrum of E. coli dUTPase. A: Spectra of native (closed symbols) or truncated
(open symbols) enzyme alone (scattered graphs), and in mixture with K,L-imido-dUTP (line graphs, solid and dotted lines, respectively). B: Dif-
ference spectra of native dUTPase with K,L-imido-dUTP (solid line) or dUDP (dashed line). The dotted line is the di¡erence spectrum of trun-
cated dUTPase with K,L-imido-dUTP. Protein and ligand concentrations were 12.5 WM and 50 WM, respectively. Neither ligand displayed far
UV CD signal of its own (not shown).
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argue for an involvement of Phe in the binding of the triphos-
phate analogue.
The di¡erence signals proved to be saturable (Fig. 3) allow-
ing determination of apparent dissociation constants, Kd;app
(Table 1). The result that the triphosphate analogue binds
signi¢cantly (about 10-fold) more strongly to the enzyme
than dUDP demonstrates the importance of the Q-phosphate
moiety of the analogue in the interaction with the enzyme.
Both far and near UV CD gave, within experimental error,
the same Kd;app for the K,L-imido-dUTP-dUTPase complex,
corroborating that the CD signals describe the interaction
adequately. No di¡erence spectra could be recorded if either
Mg2 or the analogues were omitted from the mixtures (data
not shown), consistent with an interaction of the Mg2 com-
plexes of the analogues with the enzyme.
3.2. Involvement of the C-terminus in the binding of
K,L-imido-dUTP
Speci¢c tryptic hydrolysis at Arg-141 in E. coli dUTPase
removes the C-terminal 11 residues, comprising most of Motif
5 [13]. The truncated protein does not show any conforma-
tional change upon complexation with K,L-imido-dUTP as
monitored by far UV CD (Fig. 1B, dotted line). Binding of
the analogue can still be followed by near UV CD. However,
the di¡erence signal (Fig. 2B, dotted line) is very similar to the
signal elicited in the dUDP-native dUTPase complex (Fig. 2B,
dashed line, positive peak at 270 nm), while the K,L-imido-
dUTP-native dUTPase complex is characterized by a negative
ellipticity peak at 260 nm (Fig. 2B, solid line). The conclusion
is that loss of the C-terminus precludes formation of the bind-
ing pattern characteristic for K,L-imido-dUTP and the tri-
phosphate analogue-induced protein conformational change.
The strength of complex formation between K,L-imido-dUTP
and truncated dUTPase is in accordance with this conclusion:
the apparent dissociation constant is 10 WM, close to that of
the dUDP-dUTPase complex (Table 1).
Trypsinolysis of E. coli dUTPase leads to a rapid decrease
in enzyme activity [13]. The presence of the triphosphate ana-
logue K,L-imido-dUTP during trypsinolysis has a signi¢cant
protective e¡ect (Fig. 4). The apparent ¢rst order rate con-
stant for the activity loss, probably re£ecting the speci¢c hy-
drolysis of the Arg-Gly peptide bond (residues 141^142), was
estimated to 0.038 min31 and 0.0082 min31, in the absence or
presence of K,L-imido-dUTP, respectively. The Arg-Gly pep-
tide bond is part of the £exible C-terminus and the protective
e¡ect exerted by the triphosphate analogue reinforces the con-
clusion that the C-terminus is involved in binding of K,L-imi-
do-dUTP.
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Fig. 2. Altered binding of K,L-imido-dUTP to native or truncated dUTPase as recorded by near UV CD. A: Spectra of native enzyme alone
(closed symbols), K,L-imido-dUTP alone (open symbols) (scattered graphs), and the mixtures (line graphs) of K,L-imido-dUTP with native (solid
line) and truncated (dotted line) dUTPase. The spectrum of truncated enzyme is identical to the spectrum of the native enzyme in this wave-
length range [13]. B: Di¡erence spectra of native dUTPase with K,L-imido-dUTP (solid line) or dUDP (dashed line). The dotted line is the dif-
ference spectrum of truncated dUTPase with K,L-imido-dUTP. Protein and ligand concentration were 45 WM and 60 WM, respectively.
Table 1
Interaction of di- and triphosphate substrate analogues with dUTPase
dUTPase Ligand Technique Kd;app (WM) v[3] (mdeg/WM/cm)
Native K,L-imido-dUTP near UV CD (260 nm) 1 þ 0.4 0.06 þ 0.01
far UV CD (206 nm) 1.1 þ 0.5 4.2 þ 1.5
kinetics [14] 5 ^
dUDP near UV CD (270 nm) [12,13] 10^15 0.07^0.09
kinetics [15] 15 ^
Truncated K,L-imido-dUTP near UV CD (270 nm) 10 þ 3 0.08 þ 0.02
dUDP near UV CD (270 nm) [12,13] 15 0.07
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4. Discussion
The conserved Motif 5 at the £exible C-terminal arm of
trimeric dUTPases cannot be located in the unliganded crystal
structures of the enzyme from E. coli, Homo sapiens or the
lentivirus of feline immunode¢ciency [7,9,17]. Its functional
role has been established for the protein from E. coli and
the lentivirus of equine infectious anemia: loss of the motif
or replacement of its conserved residues is deleterious for
enzyme activity [13,18]. In the human enzyme, the C-terminal
arm closes upon the active site when mono-, di- or triphos-
phates of 2P-deoxyuridine bind to the enzyme in the absence
of Mg2 [7]. However, no such movement can be seen when
dUDP binds to the bacterial enzyme [10]. In the present study
we identi¢ed a signi¢cant change in conformation of the bac-
terial enzyme induced exclusively in the presence of Mg2 by
the K,L-imido-triphosphate analogue of dUTP but not by
dUDP. This conformational change, most probably, re£ects
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Fig. 3. Titration of enzyme with K,L-imido-dUTP. Native (closed symbols) or truncated (open symbols) dUTPase was titrated by stepwise addi-
tion of K,L-imido-dUTP. Absolute values of the di¡erential CD signal at 206 nm (closed circles), 260 nm (closed squares) or 270 nm (open
circles) are plotted. Data points were ¢tted (solid lines) to the equation: v3/v[3] = (a3(a234c1c2)0:5)/2. v3 is the absolute value of the di¡eren-
tial ellipticity determined by subtracting the ellipticity of K,L-imido-dUTP and dUTPase solution, measured separately, from the ellipticity
measured in their mixture, v[3] is the di¡erential molar ellipticity of the protein-ligand complex, a = c1+c2+Kd;app, c1 and c2 are enzyme and li-
gand concentrations, respectively). v[3] and Kd;app (apparent dissociation constant) values are given in Table 1. Enzyme concentration for the
far UV experiment (206 nm) was 12.5 WM, for the near UV experiments (260 or 270 nm) was 45 WM (native enzyme) or 40 WM (truncated
dUTPase).
Fig. 4. K,L-Imido-dUTP protects against tryptic digestion at Arg-141. Native dUTPase (120 WM) was digested in the absence (closed symbols)
or presence of ligand (200 WM, open symbols). Aliquots were taken from the reaction mixture at time intervals and assayed for enzyme activity.
Data were ¢tted to ¢rst order reactions (solid lines).
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a movement of the C-terminal arm since removal of the arm
abolishes the e¡ect. The exact conformation of the C-terminal
arm in the complex of the bacterial enzyme with K,L-imido-
dUTP cannot be derived from our spectroscopic data. How-
ever, a piece of evidence suggests that this conformation is
similar to the one seen in the human enzyme-ligand structures
where the strictly conserved Phe of the C-terminus (part of
Motif 5) stacks on top of the uracil ring [7]. The near UV CD
di¡erence signal speci¢c for the K,L-imido-dUTP-enzyme
complex has a negative peak at 260 nm which is the absorb-
ance maximum of Phe and uridine. We therefore argue that
this signal may be due to a Phe-uracil stacking, similarly to
the structure of the human enzyme-ligand complex. The bac-
terial enzyme also possesses the conserved Phe residue, at
position 146 in Motif 5 [13].
The apparent dissociation constants for the native enzyme-
ligand complexes are in good agreement with the respective Ki
values determined by kinetic measurements (Table 1), render-
ing support for rapid equilibrium steps in inhibitor binding
and release. From the Kd;app values for the complexes of K,L-
imido-dUTP with native or truncated dUTPase, it can be
estimated that a signi¢cant portion (about 20%) of the bind-
ing energy is due to the interaction provided by the C-terminal
arm.
A possible molecular model for the catalytic cycle is pre-
sented in Scheme 1. The enzyme can be either in an open
conformation with the C-terminal arm disordered, or in a
closed state with the arm in a more ordered conformation
and associated with the active site. The open/closed conforma-
tional shift induces the far UV di¡erence CD signal and the
near UV negative di¡erence peak at 260 nm. Both the com-
plete triphosphate moiety of the nucleotide in complex with
Mg2 and the C-terminal arm of the protein are indispensable
for the closed conformation. The catalytic cycle is proposed to
be initiated by the dUTP binding-induced formation of the
closed conformer which allows cleavage of the K,L-phos-
phoanhydride bond. Upon cleavage the active site opens up
and the products dUMP and PPi can be released. K,L-Imido-
dUTP is non-hydrolyzable probably because the nitrogen of
the imido group, replacing the bridging oxygen at the scission
position, is less electrophilic. Thereby, the partial positive
charge on the K phosphorus atom is decreased making it
less susceptible to a nucleophilic attack, as suggested for the
non-hydrolyzable imido analogue of ATP [19]. The model in
Scheme 1 provides a plausible explanation for the fact that
dUDP is not hydrolyzed by the enzyme. This compound,
which contains an K,L-phosphoanhydride bond as in dUTP,
is not capable of inducing the closed conformation necessary
for catalysis.
Mg2 was found to be necessary for the conformational
changes studied here, while the human enzyme-ligand com-
plexes, having most of the £exible tail visible in the electron
density maps, do not contain Mg2 [7]. It is likely that the
very high (millimolar) protein and ligand concentrations, used
in the crystallization but out of reach in our spectroscopic
experiments, render the ¢xation of the C-terminus possible
even in the absence of Mg2. However, the Mg2-free com-
plex structures should be expected to be catalytically non-
productive, providing incomplete mechanistic information.
In conclusion, we provide evidence for a conformational
change of the C-terminal £exible arm of E. coli dUTPase
induced by K,L-imido-dUTP in complex with Mg2. The cat-
alytic model, based on the experimental results, explains fa-
cilitated product release and the non-hydrolyzable character
of dUDP.
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